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Plasmonic terahertz detection by a double-grating gate field-effect transistor structure with an asymmetric unit cell is studied theoretically. Detection responsivity exceeding 8 kV/W at room temperature in the photovoltaic response mode is predicted for strong asymmetry of the structure unit cell. This value of the responsivity is an order of magnitude greater than reported previously for the other types of uncooled plasmonic terahertz detectors. Such enormous responsivity can be obtained without using any supplementary antenna elements because the double-grating gate acts as an aerial matched antenna that effectively couples the incoming terahertz radiation to plasma oscillations in the structure channel. Detection of terahertz (THz) radiation by plasmonic nonlinearities in a two-dimensional (2D) electron channel of the field-effect transistor (FET) was originally proposed in Ref. 1 . Resonant (frequency selective) 2, 3 as well as nonresonant (broadband) 4, 5 plasmonic detectors have been studied. The frequencies of the plasmon resonances in the FET channel with identical boundary conditions at different ends of the gate are given by
where N (0) is the equilibrium electron density in the channel, d and e are the thickness and dielectric constant of the barrier layer, e 0 is the electric constant, w eff is the effective length of the gated 2D electron channel (which is greater than a geometrical length of the gate, w, due to the electric-field fringing effect), n is an integer, and e and m * are the electron charge and effective mass, respectively. For symmetry reasons, only the plasmon modes with odd indexes n can be excited by THz wave incident at normal direction upon the FET-channel plane, whereas the plasmon modes with even indexes n remain dark. Resonant detection takes place at THz frequencies x ¼ x p for high quality factors of the plasmon resonance such as x p s ) 1; where s is the electron scattering time. The non-resonant plasmonic detection takes place when the equilibrium electron density in the FET channel decreases at negative gate voltages U g < 0 so that the inequality x p s ( 1 becomes valid for U g ! U th , where U th is the channel pinch-off threshold voltage.
A metal grating gate is an efficient broadband coupler between plasmons in the FET channel and THz radiation. 7, 8 The grating-gate FET detectors that have been demonstrated recently 9,10 mostly employ a photoconductive THz plasmonic response, 11, 12 which needs applying DC drain bias current in the device channel. However, strong drain current causes large voltage drop across a long electron channel and, hence, different unit cells of a large-area grating-gate FET structure turn out to be under different effective gate voltages. As a result, the net responsivity of the gratinggate FET plasmonic detectors decreases for strong drain currents and remains quite moderate (below 300 mV/W). 10 Substantial enhancement in responsivity of the grating-gate FET detector can be achieved by combining it with on-chip micro-bolometer element involving a potential barrier under an isolated finger in the split-grating gate. 13 For symmetry reasons, the photovoltaic THz response (with no DC drain bias current) can appear only if some asymmetry is introduced into the unit cell of the periodic grating-gate FET structure. [Weak photovoltaic THz response of the gratinggate FET structures with a symmetric unit cell reported in Refs. 9 and 14 appeared most probably due to some small uncontrollable asymmetry of those structures or/and due to asymmetric irradiation of the structures by THz beam.]
In this paper, we propose a concept of the plasmonic THz detector based on a double-grating-gate (DGG) FET structure with an asymmetric unit cell (A-DGG-FET structure) demonstrating strong photovoltaic response. 15 This concept is substantiated by simulating the photovoltaic response of such THz detector. The device structure is shown schematically in Fig. 1 . The DGG is formed by two oneperiodic coplanar metal sub-gratings: sub-grating 1 and subgrating 2 with widths of the sub-grating fingers w 1 and w 2 , respectively. Sub-grating 1 is laterally shifted in respect to sub-grating 2 so that two successive slits between the DGG fingers within the A-DGG-FET period are of different widths, s 1 and s 2 . This introduces a required asymmetry in the unit cell of a periodic A-DGG-FET structure. Different gate voltages U 1 and U 2 can be applied inter-digitally to subgratings 1 and 2, respectively. We assume the characteristic parameters of the A-DGG-FET structure similar to those reported in Ref. 7 for InAlAs/InGaAs/InP DGG-FET structure with a symmetric unit cell: the gate-to-channel separation is d ¼ 65 nm, electron density in the channel is N ð0Þ ¼ 2:5 Â 10 12 cm À2 for U 1,2 ¼ 0, and the electron scattering time is s ¼ 2.9 Â 10 À13 s (which corresponds to a room temperature electron mobility 12 000 cm 2 /(VÁs) in InAlAs/ InGaAs/InP heterostructure 7 ). Profile of the equilibrium 2D electron density in the channel is calculated as a function of the gate voltages U 1 and U 2 in the self-consistent electrostatic approach (assuming zero electron temperature in the channel). 16 For the structure with above mentioned parameters, the calculated channel pinch-off threshold voltages are U ðthÞ 1;2 % À3:23V: For any U 1 and U 2 , the equilibrium electron density in 2D electron channel, N ð0Þ ; is a periodic function of the coordinate along the channel (the x-coordinate) N ð0Þ ðxÞ ¼ N ð0Þ ðx þ LÞ; where L is the DGG period. We assume that a plane electromagnetic (EM) wave with angular frequency x of the THz range and the polarization of the electric field across the DGG fingers is incident upon the A-DDG-FET structure at normal direction in respect to the structure plane.
Plasmonic response in the FET channel originates from the nonlinear dynamics of 2D electron fluid described by the hydrodynamic equations
where Eðx; tÞ is the in-plane electric field induced in the A-DGG-FET channel by the incident EM wave depending on the time t and coordinate x in 2D electron channel, s is the electron scattering time, jðx; tÞ ¼ ÀeNðx; tÞVðx; tÞ is the density of the induced electric current, and N(x,t) and V(x,t) are hydrodynamic electron density and velocity in 2D channel. There are two nonlinear terms in the system, Eqs. Solution 4), one needs only the linear correction to the oscillating electric field induced in the structure channel by the incoming THz radiation, which can be calculated in a self-consistent linear electromagnetic approach described in Ref. 18 . The first-sum term arises in Eq. (4) only when the equilibrium electron density in 2D electron channel is spatially modulated along the x-direction. This term originates from the electron-convection nonlinear term in the Euler equation, Eq. (2). The photocurrent described by this term can be interpreted as a result of the plasma electrostriction effect in 2D electron channel with inhomogeneous electron density. 12 The second-sum term in Eq. (4) describes the plasmon-driven DC electron drag in 2D channel. 11 The both terms vanish in the DGG-FET structure with a symmetric unit cell.
In the open drain regime, the photocurrent, Eq. (4), generates the photovoltage between the drain and source contacts of the A-DGG-FET structure. This photovoltage, U ph , can be calculated as U ph ¼ ÀWRj ph ; where W is the width of the A-DGG-FET and R is the device DC resistance depending on the gate voltages applied to the sub-gratings of the DGG (the A-DGG-FET structure is assumed to be 30 lm wide and 80 lm long). Then, the responsivity of the A-DGG-FET detector can be calculated by dividing the photovoltage by the THz power incident upon the device area.
Calculation shows that the detection responsivity of the A-DGG-FET structure with a homogeneous 2D electron channel remains quite moderate (below 0.2 V/W), because there is no asymmetry in the channel of this structure while a remote asymmetric DGG produces only small THz photoresponse due to the plasmon induced electron drag in 2D electron channel. The asymmetry in the channel of the A-DGG-FET structure can be strongly enhanced by applying negative voltage to one of the two sub-gratings of the DGG. The detection responsivity grows linearly with increasing DC resistance of the A-DGG-FET channel and reaches 8 kV/W (for the asymmetry factors s 1 =s 2 < 0:5) if the parts of 2D 2011) electron channel under the fingers of the biased sub-grating are strongly depleted (Fig. 2) . We cannot simulate the structure with even stronger depleted portions of the channel, because the simulation procedure diverges for stronger depletion. However, since we do not see a saturation of the responsivity value with depletion of the channel in our modeling (notice that the saturation of the responsivity is inherent in a single-gate FET (Ref. 19) ), one can expect that the responsivity can be even higher for more negative gate voltages. Such enormous photoresponse of the A-DGG-FET THz detector is ensured by several critical factors. First of all, the A-DGG-FET detector combines the advantages of both the resonant and non-resonant plasmonic THz detectors. Strong THz photocurrent is generated by a nonlinear behavior of the plasmon mode resonantly excited with a quality factor x p s ) 1 in undepleted portions of 2D electron channel (x p s % 4 for the first plasmon resonance at 2.15 THz and x p s % 8 for the second plasmon resonance at 4.3 THz in Fig. 2 ). It is worth noting that the plasmon modes with both odd and even indexes n are excited due to strong asymmetry of the A-DGG-FET structure (see black triangle symbols at the ordinate axis in Fig. 2) . No plasmon modes can be excited in the depleted regions of the channel because of a low quality factor x p s ( 1: However, strong depleting of those regions greatly enhances the channel resistance, which leads to enormous enhancement of the photovoltage induced between the source and drain contacts of the entire A-DGG-FET structure. Note that the channel resistance per unit cell of the A-DGG-FET structure for the depletion level corresponding to Fig. 2 is 5520 Ohm so that the value of the RC time constant remains quite short (less than 0.1 ns for typical inner capacitances of the unit cell 10-20 fF). 6 Second, the plasmon mode is injected into the plasmonic microcavity under the unbiased sub-grating finger predominantly from one end of the microcavity where the slit between this finger and an adjacent finger of the other sub-grating of the DGG is narrower. This is because stronger near electric field is induced by the incident THz wave at narrower slits. 8 Third, the ungated parts of the channel are very important, because they act as coupling elements synchronizing plasma oscillations under different fingers of the DGG. Finally, both the plasma electrostriction and electron drag mechanisms contribute strongly to the overall photoresponse in the A-DGG-FET due to its strong asymmetry. The calculations show that the responsivity grows steeply with increasing the electron mobility in the channel, reaching 35 kV/W and more for cryogenic temperatures.
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At finite temperature, the electron density in 2D electron channel does not vanish for U 1 ¼ U ðthÞ 1 due to its thermal activation. In this case, the dependence of the equilibrium electron density in 2D electron channel on the gate voltage has more complex form,
where N* ¼ Cgk B T/e 2 , C is the gate capacitance per unit area, g is the so called ideality factor, 20 k B is the Boltzmann constant, U 0 ¼ U 1 À U ðthÞ 1 ; and T is the temperature. Accounting for finite temperature slightly changes the operating value of the gate voltage but does not reduce the high responsivity of the A-DGG-FET THz detector. While the electrostatic theory (in assumption of zero temperature) yields the equilibrium electron density 2.3 Â 10 8 cm À2 for U 0 ¼ 0.3 mV [which corresponds to Fig. 2 ], Eq. (5) gives the same equilibrium electron density for U 0 ¼ -0.27 V for T ¼ 300 K.
In conclusion, we have theoretically shown that the A-DGG-FET plasmonic THz detector can exhibit a greatly enhanced responsivity exceeding 8 kV/W at room temperature without using supplemetary antenna elements coupling the detector to incoming THz radiation. These results open up possibilities for drastic improvement of the performance of the plasmonic THz detectors. 
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